Abstract In this study, an iron-zirconium binary oxide with a molar ratio of 4:1 was synthesized by a simple coprecipitation process for removal of phosphate from water. The effects of contact time, initial concentration of phosphate solution, temperature, pH of solution, and ionic strength on the efficiency of phosphate removal were investigated. The adsorption data fitted well to the Langmuir model with the maximum P adsorption capacity estimated of 24.9 mg P/g at pH 8.5 and 33.4 mg P/g at pH 5.5. The phosphate adsorption was pH dependent, decreasing with an increase in pH value. The presence of Cl − , SO 4 2− , and CO 3 2− had little adverse effect on phosphate removal. A desorbability of approximately 53 % was observed with 0.5 M NaOH, indicating a relatively strong bonding between the adsorbed PO 4 3− and the sorptive sites on the surface of the adsorbent. The phosphate uptake was mainly achieved through the replacement of surface hydroxyl groups by the phosphate species and formation of innersphere surface complexes at the water/oxide interface. Due to its relatively high adsorption capacity, high selectivity and low cost, this Fe-Zr binary oxide is a very promising candidate for the removal of phosphate ions from wastewater.
Introduction
The presence of trace amounts of phosphate (even less than 1 ppm) in treated wastewaters from municipalities and industries is often responsible for eutrophication, which leads to short-and long-term environmental and aesthetic problems in lakes, coastal areas, and other confined water bodies (Ouz et al. 2003) . To protect aquatic quality, waste water containing phosphate must be treated to meet the discharge limit for phosphate (Puckett 1995; Zhao and Sengupta 1998; Ugurlu and Salman 1998) . As this discharge limit is becoming more and more stringent, even further treatment of the effluent is required. For example, in China, the emission standard for the new-built urban sewage treatment plant will be upgraded to GB 1A (TP00.5 mg/L) from GB 1B (TP01.0 mg/L), which puts forward a higher demand of phosphorus removal.
Conventional phosphorus removal methods from wastewater include chemical precipitation (Donnert and Salecker 1999) , biological processes (De La Noue and de Pauw 1988; L. De-Bashan and Bashan 2004) , reverse osmosis (Van Voorthuizen et al. 2005 ) and sorption processes (Morse et al. 1998; Kang et al. 2003) . Among these techniques, adsorption is a promising method to treat waste water, especially at lower phosphate concentrations, which pose a challenge to the use of the traditional flocculation methods (Seida and Nakano 2002) . In recent decades, booming studies have been focused on the selection of ideal P adsorption materials (Agyei et al. 2000; Arias et al. 2001; Khelifi et al. 2002; Tanada et al. 2003; Zeng et al. 2004 ). Among them, hydrous zirconium oxide has remarkable selectivity to phosphoric ion (Urnius et al. 2000) , and also high resistance against attacks by acids, alkalis, oxidants, and reductants (Suzuki et al. 2000) . Previous studies (Chitrakar et al. 2006; Liu et al. 2008; Biswas et al. 2008) have found that the zirconium oxide has a high P adsorption capacity and can be used for P removal from water. However, due to its relatively high cost, the application of pure zirconium oxide for P removal is not cost-effective. On the other hand, iron oxides-based materials (Zeng et al. 2004; Arias et al. 2006; Rentza et al. 2009 ) were also reported for phosphate removal with good performance. In addition, iron oxides have the favorable characteristics of environmental friendliness, chemical stability (low solubility), easy accessibility, and low cost.
Recently, synthesis of phosphate adsorbents using two (or more) different metal oxides has gained more attentions, since the synthesized composite can inherit the advantages of parent materials. Many of these adsorbents have shown much promise for the removal of phosphate from water. For example, Zhang et al. (2009) reported that a Fe-Mn binary oxide had a high P sorption capacity of 36 mg g at pH 5.6. Harver and Rhue (2008) reported that mixed Al-Fe hydr(oxides) were effective for P removal. Tian et al. (2009) showed that the mixed lanthanum/aluminum-pillared montmorillonite had a P sorption capacity of 13.0 mg/g. Thus, it is expected that an iron-zirconium composite material originated from the combination of iron oxide and zirconium oxide may take full use of the advantages of both parent materials and have the potential for phosphate removal. In our previous studies (Ren et al. 2011) , an iron-zirconium (Fe-Zr) binary oxide was synthesized and was found to have high adsorption capacities towards both arsenate and arsenite. Furthermore, phosphate was found to be the most competitive anion for arsenic adsorption by the binary oxide.
However, little information is available for phosphate adsorption on this Fe-Zr binary oxide.
In the present study, the kinetics and isotherm of phosphate adsorption by the Fe-Zr binary oxide were studied. The influences of different experimental parameters such as solution pH, ionic strength, competitive anions on phosphate removal as well as phosphate desorption were also investigated. Moreover, phosphate adsorption mechanism was elucidated in this paper.
Materials and Methods

Materials
All chemicals are analytical grade and used without further purification. Reaction vessels (glass) were cleaned with 1 % HNO 3 and rinsed several times with deionized water before use. Phosphate stock solution was prepared by dissolving the anhydrous potassium dihydrogen orthophosphate (KH 2 PO 4 ) in deionized water. Phosphate working solutions were freshly prepared by diluting phosphate stock solution with appropriate amounts of deionized water.
Preparation of Fe-Zr Binary Oxide
The Fe-Zr binary oxide was prepared according to the following procedure, which has been described in our previous publication (Ren et al. 2011) : Ferric chloride hexahydrate (FeCl 3 ·6H 2 O, 0.05 mol) and zirconyl chloride octahydrate (ZrOCl 2 ·8H 2 O, 0.0125 mol) were dissolved in 400 ml deionized water. Under vigorous magnetic-stirring, sodium hydroxide solution (2 M) was added dropwise to raise the solution pH to around 7.5. After addition, the formed suspension was continuously stirred for 1 h, aged at room temperature for 4 h and then washed several times with deionized water. The suspension was filtrated and dried at 65°C for 4 h. The dry material was crushed and stored in a desiccator for use. The obtained material appeared in the form of fine powder.
Batch Adsorption Tests
Adsorption Kinetics
The kinetics experiments were carried out at room temperature (25±1°C). Defined amount of phosphate stock solution was added in a 1,000-ml glass vessel. Then, corresponding amount of deionized water was added to make 750 ml of 5 or 10 mg/L phosphate solution. The ionic strength was maintained as 0.01 M by adding 0.638 g sodium nitrate. After the solution pH was adjusted to 5.5±0.1 by adding 0.1 M HCl and/or NaOH, 0.15 g of Fe-Zr binary oxide was added to obtain a 0.2 g/L suspension. The suspension was mixed with a magnetic stirrer at an agitation speed of 140 rpm, and the pH was maintained at 5.5±0.1 throughout the experiment by addition of the dilute acid and/or base solutions. Approximately 5 ml aliquots were taken from the vessel at predetermined times. The samples were immediately filtered through a 0.45-μm membrane filter. The concentrations of phosphate in the filtered solutions were determined using an inductively coupled plasma atomic emission spectroscopy (ICP-AES, Optima 2100 DV, Perkin Elmer Co., USA) at RF power of 1,300 W and wavelength of 213.618 nm. Finally, the exhausted sorbents were taken out for further desorption studies.
Effect of pH and Ionic Strength
To investigate the influence of pH and ionic strength on the phosphate adsorption, experiments were carried out by adding 10 mg of the adsorbent sample into 150-mL glass vessel, containing 50 ml of 5 mg/L phosphate solution. The ionic strength of the solutions varied from 0.001 to 0.1 M by adding NaNO 3 .The pH of the solutions was adjusted every 4 h with dilute HCl or/and NaOH solution to designated values in the range of 3-11 during shaking process. The equilibrium pH was measured and the supernatant was filtered through a 0.45-μm membrane after the solutions were mixed for 24 h. Then, the residual phosphate concentration in the supernatant solutions was determined.
Adsorption Isotherm
Phosphate adsorption isotherm was determined using batch tests at the pH values of 5.5±0.1 and 8.5±0.1, respectively. Initial phosphate concentration was varied from 2 to 40 mg/L. In each test, 10 mg of the adsorbent sample was loaded in the 150-mL glass vessel and 50 ml of solution containing different amount of phosphate was then added to the vessel. Ionic strength of the solution was adjusted to 0.01 M with NaNO 3 . The vessels were shaken on an orbit shaker at 140 rpm for 24 h at 25±1°C. After the reaction period, all samples were filtered by a 0.45-μm membrane filter and analyzed for phosphate. The quantity of adsorbed phosphate was calculated by the difference of the initial and residual amounts of phosphate in solution divided by the weight of the adsorbent.
Both Freundlich and Langmuir models (Freundlich 1906; Langmuir 1916) were employed to describe the experimental results of phosphate adsorption. The Freundlich equation is represented as follows:
where q e is the amount of phosphate adsorbed on the solid phase (milligrams per gram), C e is the equilibrium phosphate concentration in solution phase (milligrams per liter), K F is roughly an indicator of the adsorption capacity, and n is the heterogeneity factor which has a lower value for more heterogeneous surfaces.
The Langmuir equation can be written in the following form:
where q e and C e are previously denoted, K L is the equilibrium adsorption constant related to the affinity of binding sites (liters per milligram); and q m is the maximum amount of the phosphate per unit weight of adsorbent for complete monolayer coverage.
Effect of Coexisting Anions
The effect of common coexisting ions in wastewater such chloride, sulphate, and carbonate on the adsorption of phosphate was investigated by adding 1.0 or 10 mM of sodium chloride, sodium sulphate, and sodium carbonate to 5 mg/L of phosphate solution.
The solution pH was adjusted to 7.0. A defined amount (10 mg) of Fe-Zr binary oxide was added and the solutions were agitated at 140 rpm for 24 h at 25±1°C. After filtration by a 0.45-μm membrane filter, the residual concentration of phosphate was analyzed using ICP-AES.
Desorption of Phosphate
For the study of desorption, the exhausted adsorbent powders were collected after filtration of the suspension from the above tests. Fifty milligrams of exhausted Fe-Zr binary oxide was added into each 150-mL vessel containing 50 mL solution with different concentrations of NaOH (0, 0.001, 0.01, 0.1, and 0.5 M). Appropriate NaNO 3 was then added to adjust the ionic strength of the solution to 0.01 M. The solutions were agitated at 140 rpm for 4 h at 25±1°C. The suspension solutions were then filtered and analyzed for phosphate according to the method described previously. The quantity of desorbed phosphate was determined by the amount of phosphate in the solution after the desorption experiment. The P desorbability was defined as the ratio of the desorbed P over the total P adsorbed by the adsorbent.
Characterization of Adsorbent Before and After Phosphate Adsorption
A Zeta potential analyzer (Zetasizer 2000, Malvern Co., UK) was used to analyze the Zeta potentials of Fe-Zr binary oxide particles before and after phosphate adsorption. The content of the Fe-Zr binary oxide in the solution was about 200 mg/L and initial phosphate concentration was 5 mg/L. NaNO 3 was used as background electrolyte to maintain an approximately constant ionic strength of 0.01 M. After mixing for 72 h to ensure the achievement of adsorption equilibrium, 20 ml of oxide suspension was transferred to a sample tube. Zeta potential of the suspension was then measured by electrokinetic analysis. FTIR spectra were collected on a Nicolet 5700 FTIR spectrophotometer (Nicolet Co., USA) using transmission model. Samples for FTIR determination were ground with spectral grade KBr in an agate mortar. IR spectra of phosphate adsorbed on the binary oxide were obtained as dry samples in KBr pellets corresponding to 5 mg of sample in approximately 200 mg of spectral grade KBr. All IR measurements were carried out at room temperature.
Results and Discussion
Adsorbent Properties
The prepared Fe-Zr binary oxide is amorphous and poorly crystalline, and its main particle size is in the range of 2-30 μm. It has a high BET surface area of 339 m 2 /g and the micropore and mesopore volumes are 0.026 and 0.281 cm 3 g −1 , respectively.
Adsorption Kinetics
Kinetic experiments were carried out to determine the rate of phosphate sorption from the water by the Fe-Zr binary oxide. The initial phosphate concentrations were 5 and 10 mg/L, respectively, and the pH value of solution was maintained at 5.5±0.1. Figure 1 shows the change of adsorbed phosphate as a function of contact time. Obviously, the sorption process could be divided into two steps, a quick step and a slow one. For the system with initial phosphate concentration of 5 mg/L, the adsorption rate was fast in the first step, and over 93 % of the equilibrium adsorption capacity was achieved within the beginning 1.5 h. This may be contributed to the smaller particle size ). a fitting with pseudo-first-order and the pseudo-second-order models and b fitting with intraparticle diffusion model of Fe-Zr binary oxide powders, which was favorable for the diffusion of phosphate molecules from bulk solution onto the active sites of the solid surface. In the following step, intraparticle diffusion might dominate and the adsorption slowed down. Another appropriate 5 % removal percentage was observed with 8 h. After 12 h, about 99 % of the maximum adsorption had taken place. The adsorption process of phosphate with an initial concentration of 10 mg/L is similar to that of 5 mg/L, except for higher adsorption amounts. It could be concluded that 24 h was an adequate time for equilibrium to occur.
In order to evaluate the mechanism of adsorption and potential rate controlling steps such as mass transport and diffusion control processes, the experimental data ( Fig. 1) were analyzed using different models. Initially, the pseudo-first-order and the pseudosecond-order models were tested to describe the sorption process (Fig. 1a) . The mathematical representations of these models are given in Eqs. (3) and (4), respectively.
ln q e À q t ð Þ¼ln q e À k 1 t ð3Þ Table 1 presents the values of constants of the pseudo-first-order and pseudo-second-order kinetic models for adsorption of phosphate onto Fe-Zr binary oxide. It is found that the kinetic data fitted better with pseudo-second-order model than pseudo-first-order model, which is evident from the higher determination coefficient values. This study showed that the pseudosecond-order model better represented the phosphate adsorption kinetics, suggesting that the adsorption process might be chemisorption.
The pseudo-second-order model is well describing the reaction kinetics, but it is limited in accuracy by considering adsorption as a single, one-step binding process. However, the intraparticle diffusion model may provide a more comprehensive view of adsorption as a series of distinct steps (D'Arcy et al. 2011). Therefore, it was also applied to describe the sorption process (Fig. 1b) . The mathematical representation of this model is usually given in Eq. (5).
where q e and q t are the adsorption capacities (milligrams of P per gram) of the adsorbent at equilibrium and at any time, t (hour), respectively; k 1 (per hour) and k 2 (grams per milligram per hour) are the pseudofirst-order and pseudo-second-order rate constants for adsorption process, respectively. k p is the intraparticle diffusion rate constant and C is a constant gained from the intercept of plot of q t against t 0.5 Figure 1b exhibits the results of experimental data fitted with intraparticle diffusion model. It clearly shows three linear sections and this multi-linearity indicates further the complexity of the adsorption process. The first linear step was a fast stage. This could be due to the quick transfer of phosphate anions from bulk phase to particle surface, since the adsorption was conducted in a well-agitated tank. For well-agitated system, film diffusion resistance will be quite small and pore diffusion will be rate controlling. The second linear portion was a moderate adsorption process, where the rate of adsorption was governed by the intraparticle diffusion in the pore structure. The third linear section was a very slow adsorption stage, relating to the steric hindrance from the adsorbed molecules.
Adsorption Isotherm
The equilibrium adsorption isotherm is fundamental in describing the interactive behavior between solutes and adsorbent, and is important for the design of adsorption system. Isotherm studies were conducted at two pH levels (5.5 and 8.5). Figure 2a shows a plot Table 2 . Based on the correlation coefficient (R 2 ) values, it is found that the Langmuir model is more suitable for describing the experimental data than Freundlich model at two pH levels. Although the Langmuir q max value might not provide an accurate estimation of the longterm sorption capacity, it could still be useful in comparing alternative materials for wastewater treatment (Cheung and Venkitachalam 2000) . The maximum P adsorption capacity of Fe-Zr binary oxide is 33.4 mg P/g at pH 5.5±0.1, while 24.9 mg P/g at pH 8.5±0.1. This value is high as compared to the reported data in the literature (see in Table 3 ). Moreover, it could be found that this adsorbent had a high adsorption capacity towards phosphate under relatively lower equilibrium concentration (below 0.5 mg/L). This indicates that it is much more suitable for treatment of the wastewater containing low level of phosphate.
Additionally, the effect of three different temperatures (288, 298, and 308 K) on phosphate adsorption was examined at pH 5.5±0.1 and the results were presented in Fig. 2b . The adsorption isotherms were fitted by Langmuir model. The values of K L and R 2 at different temperature are listed in Table 4 . Clearly, the adsorption capacity increased with increasing temperature which indicates that the adsorption process is endothermic in nature. Therefore, the increase of temperature is favoring the phosphate uptake by this binary oxide.
Effect of pH and Ionic Strength on Phosphate Uptake
As demonstrated in Fig. 3 , the phosphate uptake was evidently dependent on pH with the greatest adsorption occurring under acidic conditions and decreased with increase in solution pH. For example, the PO 4 3− removal rate decreased from 100 % at around pH 3.1 to about 32 % at pH 10.9. Similar pH effect on phosphate ions sorption by iron or iron-based oxides has been reported by a number of authors (Ryden and McLaughlin 1977; Zhang et al. 2009 ). Such phenomenon could be explained as follows: negativecharged H 2 PO 4 − and HPO 4 2− are dominant phosphate species in the solution under the tested pH range (3-11). Lower pH is favoring the protonation of Fe-Zr binary oxide surface and increased protonation is thought to increase the positively charged sites, enlarge the attraction force existing between the oxide surface and phosphate ions and therefore increase the amount of adsorption in the lower pH region. As solution pH increase, the negatively charged sorptive sites dominate gradually and more negatively charged phosphate species are also becoming dominant, which enhances the repulsion effect between the Fe-Zr binary oxide and the phosphate ions. Therefore, the amount of phosphate uptake is consequently dropped. Fortunately, over 60 % removal rate could be obtained even at pH 9.0.
Clearly, the increase in ionic strength from 0.001 to 0.1 M lead to a shift in the position of the pH edge towards the alkaline region, and also slightly enhanced the adsorption of phosphate in this range (6-11). The similar phenomenon was also observed by other researchers using iron-based metal oxides Giesler et al. 2005) . Anions adsorbed through outer-sphere association are strongly sensitive to ionic strength and the adsorption of these anions is suppressed by competition with weakly adsorbing anions such as NO 3 − since electrolytes also form outer-sphere complexes through electrostatic forces. On the contrary, anions adsorbed through innersphere association either show little sensitivity to ionic strength or respond to higher ionic strength with greater adsorption (McBride 1997). Thus, it indicates that the uptake of phosphate ions may probably take place through the formation of inner-sphere surface complexes at the water/oxide surface.
Effect of Coexisting Anions
Anions such as chloride, sulphate, and carbonate are commonly present in the wastewater, and could interfere in the uptake of phosphate by adsorbent through competitive adsorption. Thus, the influences of these coexisting anions at three concentration levels (1.0, 10, and 100 mM) on the phosphate adsorption were assessed at initial pH of 5.6 and the results were shown in Fig. 4 . Only a slight decrease in phosphate removal was observed when the concentration of coexisting ions was increased from 1.0 to 10 mM. Obviously, the presence of these kinds of ions has no significant influence on the phosphate adsorption. This suggests that this binary oxide has high adsorption selectivity towards phosphate anions and has high potential to be used in real wastewater.
Desorption of Phosphate
The desorption of phosphate from the phosphateloaded Fe-Zr binary oxide was evaluated using NaOH solutions with different concentrations. Figure 5 shows the results. It was found that the amount of phosphate desorption increased with the increase of alkalinity. A desorption of only 0.6 % was obtained when the extracting solution was only 0.01 M NaNO 3 solution without added NaOH. About 48 % of adsorbed phosphate was desorbed into the solution when the concentration of NaOH increased to 0.1 M. However, the further increase in NaOH concentration (up to 0.5 M) did not significantly enhanced the desorption of phosphate. These results indicate that the phosphate adsorption on the Fe-Zr binary oxide is not completely reversible. This may be probably due to the relatively strong bonding between the active sites and the adsorbed phosphate, indicating that the phosphate was chemically adsorbed by the Fe-Zr binary oxide.
Zeta Potential Measurement and FTIR Analysis
The zeta potentials of the Fe-Zr binary oxide suspensions before and after phosphate adsorption were measured. As shown in Fig. 6 , the Fe-Zr binary oxide has an isoelectric point of about 5.1, which was decreased to about 3.9 after the phosphate adsorption. The specific adsorption of anions makes the surface of oxides more negatively charged, which results in a shift of the isoelectric point of adsorbent to a lower pH value (Hsia et al. 1994) . Therefore, specific adsorption rather than a purely electrostastic interaction is further confirmed from the drop of isoelectric point at the aqueous phosphate/Fe-Zr binary oxide interface.
The FTIR spectra of Fe-Zr binary oxide before and after phosphate adsorption were obtained with the KBr-pressed disk technique and are shown in Fig. 7 . For the original Fe-Zr binary oxide, the strong and broad bands in the 3,500-3,300 cm −1 region may be assigned to the vibration of O-H stretching and 1,631 cm −1 may be assigned to the deformation vibration of water molecules, indicating the presence of physisorbed water molecules on the oxide. Compared with spectrum of original Fe-Zr binary oxide, two new peaks appeared at 1,384 and 1,030 cm −1 , respectively, after phosphate adsorption. The peak at 1,384 cm −1 may be ascribed to the vibration of NO 3 − because NaNO 3 was used as background electrolyte. The bind at 1,030 cm −1 which is broad and intensive could be assigned to the asymmetry vibration of P-O (Persson et al. 1996) and the intensity of this band increased obviously with the increase of phosphate concentration. This indicates that phosphate is mainly bound as a surface complex.
From the results of ionic strength influence experiment, analyses of zeta potential and FTIR spectra, a reasonable mechanism for phosphate adsorption on the Fe-Zr binary oxide could be provided. Phosphate is adsorbed through the replacement of surface hydroxyl groups on the solid surface and formation of inner-sphere surface complexes. The possible reactions between phosphate and the surface of Fe-Zr binary oxide (≡M-OH) could be presented as follows:
Where -OH is a hydroxyl group.
Conclusions
The Fe-Zr binary oxide with a molar ratio of 4:1 was prepared by a one-step coprecipitation method. The phosphate removal by this oxide was rather rapid and over 93 % of the equilibrium adsorption capacity was achieved within the beginning 1.5 h under tested conditions. It was very effective for phosphate removal and the maximum P adsorption capacity estimated of 24.9 mg P/g at pH 8.5, and 33.4 mg P/g at pH 5.5. The phosphate adsorption was pH dependent, decreasing with an increase in pH value. It has high selectivity towards phosphate ions and coexisting anions such as chloride, sulphate, and carbonate had little adverse effect on the uptake of phosphate. The phosphate anions may form inner-sphere surface complexes at the water/oxide interface, which is the main phosphate removal mechanism. Due to its relatively high adsorption capacity, high selectivity, and low cost, this Fe-Zr binary oxide is a very promising candidate for the removal of phosphate ions from wastewater.
